Introduction
Mountain glaciers receive a reputation as highresolution archives of climate variations (IPCC 2007) . Because of their importance as key indicators of past, present, and future climate change, intense efforts have been made to monitor and understand changes of glacier volume and position (baMbeR and Payne 2004; knight 2006; ZeMP et al. 2008) . However, the insulation of glacier ice under a thick supraglacial debris cover often decouples glaciers from changes in climate compared with similar clean ice glaciers (cf. kiRkbRiDe and bRaZieR 1998, PuRDie and fitZhaRRis 1999; nakaWo et al.
2000; WinkleR 2009). The Southern Alps of New
Zealand provides an excellent example of this, with almost debris-free maritime glaciers (Franz Josef and Fox Glaciers) situated on the western flanks of the Alps responding rapidly to changes in climatic input throughout the past century (Chinn et al. 2005; anDeRson et al. 2006; PuRDie et al. 2008 ). This has been represented by periods of advance and retreat visible in changes in terminus position over decades.
Contrary to their western counterparts, the termini of the larger, debris-covered glaciers of the Aoraki/Mt Cook region, situated on the eastern flank of the Southern Alps, have shown a pattern of fluctuations less intimately connected to the regional climate trends over the last century (kiRkbRiDe 1993; Chinn 1996; hoelZle et al. 2007 ). This difference is primarily due to the low gradient longprofiles and the presence of insulating supraglacial debris-cover on the glaciers of the Aoraki/Mt Cook region (haMbRey and ehRMann 2004) , and has resulted in formation of down-wasting glacier termini, allowing development of a number of proglacial lakes (kiRkbRiDe 2000) . These lakes are generally constrained by post-Last Glacial Maximum (LGM) outwash gravels, on which Little Ice Age (LIA) and older late Holocene moraines are situated (gellatly 1985; RöthlisbeRgeR 1986; WinkleR 2004 WinkleR , 2005 buRRoWs 2005; sChaefeR et al. 2009 ). The formation of these proglacial lakes has further decoupled these glaciers from changes in climate, with the transition to calving termini appearing to over-ride climatic inputs (kiRkbRiDe and WaRRen 1999; WaRRen and kiRkbRiDe 2003). Tasman Glacier, the largest temperate valley glacier in the Southern Alps of New Zealand, is the most famous example of a glacier responding in this fashion.
During the most recent period of retreat (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , Tasman Glacier has entered a period of rapid terminus disintegration that has further increased the rate of recession. This study seeks to quantify the increase in the retreat rate for Tasman Glacier over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] through the use of sequential satellite images and bathymetric mapping of Tasman Lake, conducted in April 2008.
Study area and local setting
Located east of the Main Divide of the Southern Alps in the Aoraki/Mt Cook National Park (Figs. 1, 2), Tasman Glacier is New Zealand's largest temperate valley glacier currently extending ~23 km down the Tasman valley from a névé at 2400 m, to c. 717 m at the terminus (Photo 1). The glacier covers an area of c. 98 km 2 (total area according to the World Glacier Inventory in 1978, tributary glaciers not included), and varies between 1 and 2 km in width (hoChstein et al. 1995) . The Tasman Glacier terminus currently receives ice from a number of tributary glaciers including the Ball, Hochstetter, Haast, and Rudolf glaciers (Fig. 1) . However, the primary contemporary source of ice is currently the Hochstetter and Ball Glaciers, indicated by the decline in surface ice velocity immediately up-glacier of the Tasman-Hochstetter Glacier confluence, followed by a dramatic increase in ice velocity down-glacier of this confluence (anDeRton 1975; kääb 2002) . Summer surface ice velocities measured by Röhl (2008) in 2001/02 decreased dramatically from 96 m a -1 near Ball Glacier to less than 3 m a -1 at the Tasman Glacier terminus. Down-valley of the Tasman-Hochstetter Glacier confluence, a large supraglacial debris cover has formed from both low-magnitude/high-frequency rock falls and rock avalanches (Photo 2; kiRkbRiDe and WaRRen 1999). The debris cover consists of very poorly sorted, predominantly clast-supported angular boulders of sandstone and argillite sourced from the surrounding slopes (kiRkbRiDe and WaRRen 1999). Lateral spreading of the supraglacial material downvalley of the confluence produces a continuous debris cover across the glacier surface. A larger accumulation of debris (~ 1 m thick) occurs at the glacier terminus (kiRkbRiDe 1989; Röhl 2008) , although several narrow tongues of clean ice have been observed extending down-glacier ( Fig. 1 of kiRkbRiDe 1993 ; kiRkbRiDe and WaRRen 1999).
The extensive debris-cover present on the lower reaches of the Tasman Glacier has meant that the 20 th century history of the glacier has been predominantly one of progressive thinning with no change in terminus position. In contrast to its nearest neighbouring glaciers (Mueller and Hooker Glaciers), Tasman Glacier was still at its LIA-maximum position around 1900 with historical evidence of an "overtopping" of the existing LIA-moraine as late as c. 1910 c. (buRRoWs 1973 gellatly 1982; WinkleR 2004) . This would give a delay in timing of the LIA-maximum of at least 150 years and demonstrates the unique case of this glacier. The debris cover on Tasman Glacier has accumulated from a combination of meltout of englacial material (kiRkbRiDe and sPeDDing 1996), rock avalanching directly onto the glacier surface (sugDen and kiRkbRiDe 1992) and collapse of lateral moraine walls (blaiR 1994). As an averaged negative mass balance was maintained during most of the 20 th century following the LIA, the lower glacier tongue experienced a mass loss as the mass transfer was not adequate to compensate ablation. This meant that the Tasman Glacier terminus lowered to a gradient of less than 2°, providing the preconditions for supraglacial pond development (ReynolDs 2000) . Large amounts of sediment have also been supplied to the proglacial zone during extended periods of glacier lowering, allowing formation of large laterofrontal moraines by dumping processes, and of an outwash head (kiRkbRiDe 1993 (kiRkbRiDe , 2000 .
As down-wasting proceeded, perched meltwater ponds developed supraglacially, sourced from the melting of clean ice exposed due to the redistribution of supraglacial debris during surface lowering. Drainage eventually penetrated downwards, intercepting englacial conduits, to develop hydraulically connected supraglacial lakes (kiRkbRiDe 1993). At this point, supraglacial lakes reflected the local piezometric surface within the glacier. Englacial conduits and crevasses representing lines of weakness within the glacier provided the loci for lake development from this point onwards. Larger supraglacial lakes were formed during the mid-1980's along these lines of weakness which were either solely ice-based, or penetrated to the subglacial bed (kiRkbRiDe 1993). Adjacent supraglacial ponds increased in size during the mid-1980s as a result of increased melt of clean ice and iceberg calving at lake margins, eventually coalescing to form a single lake (Tasman Lake) by 1991 (kiRkbRiDe 1993). As recently as this point, Tasman Glacier began to retreat from its LIA terminus position. The rapid retreat of Tasman Glacier since then has been controlled by the complex interaction between glacier dynamics, surface slope and geometry, and the presence of Tasman Lake (kiRkbRiDe and WaRRen 1999). Tasman Glacier has one of the longest and most detailed histories of all New Zealand glaciers (Tab. 1; cf. detailed reviews in gellatly 1985; kiRkbRiDe and WaRRen 1999; buRRoWs 2005). Originally surveyed by von haast (1866) and von lenDenfelD (1884), the Tasman Glacier has been studied intermittently throughout the 20 th century. The studies that have been undertaken at Tasman Glacier have ranged from mapping of the glacier surface (kiRkbRiDe 1989), geophysical cross-profiling of the glacier bed at Malte Brun and Ball huts (bRoaDbent 1973; anDeRton 1975; ClaRiDge 1983; Watson 1995) , measurement of ablation rates for clean ice and debris cover (kiRkbRiDe 1989; PuRDie and fitZhaRRis 1999), and most recently, bathymetric mapping of the incipient Tasman Lake (hoChstein et al. 1995; Watson 1995; Röhl 2005) .
Methodology

Terminus position and lake area
To acquire the historical Tasman Glacier terminus position and Tasman Lake area, 12 multispectral satellite images were collected for the period of 29/04/00 to 18/10/08 from which terminus positions could be delineated. The satellite images used in this study were obtained from three different satellite sources, the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Systeme Pour l'Observation de la Terre (SPOT), and Quickbird. The satellite images were geo-referenced to the highest resolution image available.
Geo-referencing was undertaken using ENVI 4.5 © image-to-image registration method, where ground control points (GCPs) are used to register a selected image to a base image. In this study the 23/01/2007 SPOT image geo-referenced to New Zealand Map Grid (NZMG 1949) , was used as the base image from which all other images were registered, using conspicuous and stable features present in every image. All other satellite images were registered using the rotation, sampling and translation (RST) warping method (e.g. Jensen 2007), fixed to over 20 GCPs. The resulting root mean square error (RMS) for each rectified image was smaller than a single pixel. The resulting accuracy of the digitised terminus positions from the satellite images is estimated at ~15 m (Röhl 2008) .
Retreat rates in this study were calculated by measuring the perpendicular distance between terminus profiles (Fig. 3 ) at a series of locations along the ice front. The change in distance for each perpendicular measure was annually averaged, with the mean rate of change taken from this information to represent the rate of change during the study period. From the digitised terminus positions retreat rates could be calculated for the Tasman Glacier 
Lake bathymetry
The mapping of Tasman Lake bathymetry was carried out in April 2008 through the integration of bathymetric and global positioning system (GPS) measurements operated from an inflatable boat. A Humminbird ® 323 DualBeam Plus™ dual frequency echo-sounder using operating frequencies of 200 kHz and 83 kHz and a hand-held GPS unit were used to obtain non-continuous water-depths throughout Tasman Lake. The accuracy of waterdepth (z) measurements for this study were not recorded, however, Röhl (2005) reported an accuracy of ± 1 m over a range of 5 to 125 m when using a Humminbird 200 kHz single beam echo-sounder. Point position (x, y) accuracy for the GPS units is ± 5 m. As the echo-sounder used in this study reports water depth at the point of greatest reflection of the pulse emitted, difficulties were encountered close to the glacier's terminal ice cliff, due to the presence of a submerged ice "foot" sloping away from the ice cliff. As a result, water depths at the ice cliff were not possible to obtain, with constant depths only recorded at a point away from the ice cliff (typically within 50 m). Bathymetric data was then interpolated using triangular irregular network (TIN) modelling, from which smoothed bathymetric contours were produced (Fig. 2) .
Results
Lake area and volume
The increases in Tasman Lake surface area and volume are shown in table 2 and figure 4. As is evident from figure 4, the rate at which Tasman Lake has increased in size since the mid-1950s has been dramatic. Since the coalescing of supraglacial ponds in the mid-1980s the rate at which Tasman Lake has expanded has increased rapidly. Surface area expan- sion of the lake occurred at a mean rate of 0.14 × 10 6 m 2 a -1 between 1982 and 1995. Concomitant increases in lake volume have also occurred during this period of lake growth, with the lake increasing in volume to 133 × 10 6 m 3 over the period 1982 to 1995 (Tab. 2). Recent changes occurring at the terminus of Tasman Glacier have resulted in the further expansion of Tasman Lake up-valley. Indeed, the surface area of Tasman Lake has increased significantly over the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] (Fig. 4) , with the lake expanding at a mean rate of 0.34 × 10 6 m 2 a -1 for this period (Tab. 2). This rate of surface area increase is significantly higher than previously recorded period of lake growth between 1982 and 1995.
The volume of water held by Tasman Lake has also increased considerably as Tasman Lake has expanded (Photo 3). The increase in lake volume is a function of not only the increase in surface area of Tasman Lake, but also due to Tasman Glacier retreating into a significantly deeper part of the glacially-excavated trough (Fig. 2) 
Lake bathymetry
Tasman Lake bathymetry (2008) is shown in figure 2 . The lake as a whole has a relatively uniform floor, with little irregularity especially throughout the southern end of the lake. Upvalley towards the glacier terminus, Tasman Lake increases in depth, with the lake floor becoming more irregular and complex in morphology. The lake deepens gradually up-valley of the LIA moraines until it increases in depth dramatically c. 800 m from the current glacier terminus. From this point onwards, the lake shallows rapidly towards the glacier front indicating the presence of an ice foot. However, the bathymetric slope is not uniform, highlighting the spatial variability and complexity of processes acting at the glacier terminus.
The current maximum lake depth of 240 m is attained 800 m in front of the centre of the glacier terminus (Fig. 2) , located within a trough that runs along the centre-right of the lake. In general the lake floor follows the typical pattern of glacial valley cross-profile morphology (bRook et al. 2006) , though the lake floor rapidly slopes up toward the surface of the lake on the true right, with the true left of the lake floor having a more gently sloping form.
Terminus position
Overall, retreat of Tasman Glacier has been rapid (Fig. 3) , although significant temporal variations in the rate of retreat (u r ) of the terminus can be identified during the study period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , though in reality, the terminus has retreated non-linearly over these shorter timescales (Fig. 3) .
Discussion
Tasman Lake
After an initial modest rate of lake volume increase during the early stages of lake development, Tasman Lake has proceeded to increase in surface area and volume at a rapid rate (Fig. 4, Tab. 2), in line with the stages of development outlined by kiRkbRiDe (1993). As the lake has expanded due to the retreat of Tasman Glacier, significant changes in lake bathymetry have occurred.
Differences in lake floor bathymetry occur between the highly irregular northern end of Tasman Lake, at the present terminus, and the relatively uniform southern end of the lake, at the outlet of the Tasman River (Fig. 2) . This indicates that the lake floor directly in front of the terminus at the north end of the lake may be largely ice-cored. This may in fact signify that rather than a low-angle "ice foot" along the full length of the present terminus, partial or full depth subaqueous calving occurs, with an ice foot present only along the embayment running along the true left of the terminus. At the centre of the current terminus the maximum lake depth of 240 m is attained, indicating that retreat of the total depth of the glacier is now proceeding, with fracturing and flotation of the "ice foot" having occurred recently.
Ice-cored areas of lake floor at the terminus are the result of subaqueous calving processes acting at depth. Supraglacial material sliding off the terminal cliff, meltout of englacial debris and the settling of suspended sediment from subglacial meltwater (DReWRy 1986) has led to the accumulation of deep lake floor sediments. As the ice-cored sections of the lake floor melt and debris cover becomes redistributed, buoyancy forces will act to detach these sections of ice from the lake floor (Röhl 2005) , producing subaqueous kettle holes (gustavson 1975 ) that represent the greatest depths in the northern part of the lake.
Terminus position
The width-averaged annual rate of retreat (u r ) calculated for the Tasman Glacier over the period -2006 3) occurred at a similar rate to initial studies of Tasman Glacier retreat since Tasman Lake began forming. Indeed, the earliest reported rate of retreat is from WaRRen and kiRkbRiDe (2003), who identified a retreat rate of 34 m a -1 over the period of 1994-1995. Retreat rates for their study were derived from ground surveys and near-vertical and oblique aerial photographs, with vertical aerial photographs from 1958, 1965, 1974 and 1985/86 used to indicate historical patterns of frontal changes. Compared to the present study, the rate of retreat reported by (Röhl 2006) .
For the period -2003 , Röhl (2005 indicated that processes resulting in the retreat of the Tasman Glacier terminus occurred due to several forms of small-scale calving processes, such as those described by kiRkbRiDe and WaRRen (1997) at the terminus of Maud Glacier. Broadly these calving processes are classified as flake-calving, small-and large-scale waterline calving, and slabcalving (subaerial). In addition, subaqueous calving was identified as an important ablative process.
The mechanism controlling subaerial calving proposed by Röhl (2005) during the period of retreat 2000 to 2003 is thermal undercutting. Via this process, a thermo-erosional notch develops at the base of the ice cliff at the waterline, destabilising the subaerial cliff causing sections to calve off (Röhl 2006) . Thermal undercutting during this period occurred at a rate of between 0.1 to 0.3 m d -1 during summer, accounting for the retreat of the glacier terminus (Röhl 2006) . As the average annual u r of the glacier terminus did not change between 2003 and 2006, it can be assumed that this process of thermal undercutting and notch development remained the primary cause of glacier retreat during this period. This increase in retreat rate between the periods signifies a transition between the principal controlling factors acting at the terminus of the glacier. The probable reason for this is the retreat of the calving ice cliff into deeper water as the glacier retreats up-valley into a deeper part of the U-shaped glacial valley. Indeed, a global data set compiled by haResign (2004), shows that calving rate is a function of increasing water depth, with rates an order of magnitude higher for tidewater glaciers (Benn et al. 2007) .
A secondary factor affecting terminus dynamics is the development and growth of several supraglacial ponds as a result of the slow moving, low gradient nature of the lower glacier tongue. The expansion of supraglacial ponds occurred throughout 2000-2008, however, their impact on terminus dynamics only became evident during 2006-2008 when expanded to c. 583,000 m 2 (including ponds connected in planform to Tasman Lake). This indicates a significant increase in pond surface area, immediately prior to the period of rapid retreat.
The growth of supraglacial ponds over this period significantly contributed to the alteration of the stress regime at the glacier terminus, by increasing the buoyancy of this portion of the glacier (Röhl, 2008) . This is due to the significant difference in mass between water-filled and ice-filled ponds, owing to the proportion of air filling the depression between the pond level and the top of the surrounding ponds ice cliff. For example, if the volume of a depression occupied by a pond and air were substituted with ice, the overburden weight would increase in the order of 10 t m -2 (Röhl 2008) . This is important because as a grounded water-terminating glacier terminus becomes buoyant by the expansion of supraglacial ponds, the rate of ice loss increases substantially as a result of changes in glacier dynamics and stress regimes (WaRRen et al. 2001; van DeR veen 2002; Röhl 2008) .
The expansion of supraglacial ponds through to December 2006 increased the buoyancy of Tasman Glacier to the point where a threshold was met and the terminus disintegrated in early 2007 (Photos 3, 4) . This is probably due to similar processes of buoyancy-driven calving as described by WaRRen et al. (2001) for Glacier Nef, Chile, where the calving of large 'tabular' icebergs as a result of hinge-calving mechanisms occurred. Buoyant forces are thought to impose torque on the glacier terminus, causing the release of coherent sections of the glacier front due to crack-propagation at the glacier bed. Such large coherent icebergs are clearly identifiable in photos 3 and 4 during the disintegration of the lower glacier tongue, providing evidence of this process as a likely scenario.
At the moment, Tasman Lake is by far the largest proglacial/supraglacial lake in the Southern Alps. Whereas the rate of terminal retreat and lake en- largement slowed down at some of the glaciers (e.g. Godley, Hooker and Ramsay Glaciers) reaching a form of balance and/or responding to positive net balances during the past few decades (Chinn et al. 2005 (Chinn et al. , 2008 , the development at Tasman Lake is, as shown here, different. Mueller and Murchison glaciers, on the other hand, have just entered a period of fast lake growth and will most certainly experience comparable fast retreat rates in the near future (Photo 5). This development is an impressive example of how debris-covered glaciers with proglacial lakes have uniquely dynamic processes partly or completely decoupled from the climate and mass balance trend of a region (cf. WinkleR et al. this issue).
Conclusion
This study has documented the retreat of Tasman Glacier and the evolution of Tasman Lake, utilising multispectral satellite imagery for the period 2000-2008 and a bathymetric survey of Tasman Lake undertaken in early April 2008. From the quantification of observed retreat of Tasman Glacier, and Tasman Lake bathymetry, the identification of the key processes operating at the terminus of Tasman Glacier and within Tasman Lake has been undertaken.
The retreat of Tasman Glacier has been rapid, although significant temporal variations in the rate of retreat have also been identified. Specifically, there is an identifiable transition in the rate of retreat prior to, and after, 2006. Retreat prior to 2006 represented a continuation of slow retreat primarily as a result of low magnitude-high frequency iceberg calving, similar to that identified in previous studies conducted at Tasman Glacier. Iceberg calving during this period was for the most part controlled by thermal undercutting at the waterline of the Tasman Glacier ice cliff. After 2006 retreat accelerated significantly as terminus dynamics were altered. Although it is difficult to identify the controlling mechanisms from a retrospective study, available evidence points to buoyancy-driven calving as the primary calving mechanism for the lower terminus.
The result of Tasman Glacier retreat has been the expansion of Tasman Lake. Significant increases in lake surface area and volume have occurred as Tasman Lake has expanded into deeper water. The highly irregular bathymetry near the terminus of Tasman Glacier indicates an ice-cored lake floor.
